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Abstract 

An increased intake of the antioxidant a- 
Tocopherol (vitamin E) is recommended in 
complicated pregnancies, to prevent free radi- 
cal damage to mother and fetus. However, the 
anti-PKC and antimitotic activity of a- 
Tocopherol raises concerns about its potential 
effects on brain development. Recently, we 
found that maternal dietary loads of a- 
Tocopherol through pregnancy and lactation 
cause developmental deficit in hippocampal 
synaptic plasticity in rat offspring. The defect 
persisted into adulthood, with behavioral alter- 
ations in hippocampus-dependent learning. 
Here, using the same rat model of maternal 
supplementation, ultrastructural morphomet- 
ric studies were carried out to provide mecha- 
nistic interpretation to such a functional 
impairment in adult offspring by the occur- 
rence of long-term changes in density and 
morphological features of hippocampal synaps- 
es. Higher density of axo-spinous synapses 
was found in CA1 stratum radiatum of a- 
Tocopherol-exposed rats compared to controls, 
pointing to a reduced synapse pruning. No 
morphometric changes were found in synaptic 
ultrastructural features, i.e., perimeter of axon 
terminals, length of synaptic specializations, 
extension of bouton-spine contact. Glia- 
synapse anatomical relationship was also 
affected. Heavier astrocytic coverage of 
synapses was observed in Tocopherol-treated 
offspring, notably surrounding axon terminals; 
moreover, the percentage of synapses contact- 
ed by astrocytic endfeet at bouton-spine inter- 



face (tripartite synapses) was increased. 

These findings indicate that gestational and 
neonatal exposure to supranutritional 
Tocopherol intake can result in anatomical 
changes of offspring hippocampus that last 
through adulthood. These include a surplus of 
axo-spinous synapses and an aberrant glia- 
synapse relationship, which may represent the 
morphological signature of previously 
described alterations in synaptic plasticity and 
hippocampus-dependent learning. 



Introduction 

Alpha-Tocopherol (a-T), the main form of 
vitamin E in mammal organisms, is a potent 
fat-soluble antioxidant and scavenger of 
hydroperoxyl radicals formed during the lipid 
peroxidation chain reaction. However, a-T also 
possess alternative, non-antioxidant, func- 
tions 1 that occur through the regulation of sig- 
naling molecules and the transcriptional con- 
trol of groups of genes involved in key cellular 
events such as cell cycle progression and apop- 
tosis, mitochondrial function, xenobiotic and 
lipid metabolism, etc. 24 Protein kinase C 
(PKC) appears to be central to vitamin E sig- 
naling; 2 6 in fact, a-T can potently inhibit PKC 
activity, as documented in various in vitro 
model systems 5 7 and in vivo in both the devel- 
oping 8 and adult brain. 9 a-T is regarded as an 
important molecule during fetal and early post- 
natal life, playing fundamental roles in protect- 
ing the developing organism against oxidative 
stress. In fact, free radicals have been indicat- 
ed as causative agents of pregnancy-related 
disorders, such as preeclampsia and maternal 
diabetes, inducing serious complications in 
both the mother and fetus. 10 11 Blood a-T con- 
centrations are reduced in abnormal pregnan- 
cies; 11 13 moreover, preclinical in vitro evidence 
pointed to a potential therapeutic role of vita- 
min E in reducing placental oxidative stress 
induced by nicotine. 14 On the bases of this 
rationale, an increase of vitamin E intake is 
recommended in complicated pregnancy to 
prevent free radical damage to the fetus. 15 18 
However, beneficial effects of vitamin E in 
risky pregnancy are currently debated, and the 
anti-PKC and antimitotic activity of a-T raises 
important caveat against an indiscriminate 
use of vitamin E in gestation because of its 
potential effects on brain development. In fact, 
PKC plays a pivotal role in brain maturation, 19 21 
and alterations in its activity and/or expression 
levels have been proposed as the mechanism 
underlying the neuroteratogenicity of several 
chemical or physical agents. 22 25 

In previous works, we found that maternal 
supranutritional dietary intake of a-T through 
pregnancy and lactation in rats markedly 



depresses PKC activity also reducing synaptic 
long-term potentiation (LTP) in developing 
hippocampus. 8 Importantly, a deficit in hip- 
pocampal synaptic plasticity was produced that 
persisted in adulthood, accompanied by alter- 
ations in hippocampus-dependent learning 
performances. 8,26 In particular, adult rats born 
to tocopherol-supplemented dams performed 
less efficiently in spatial learning tasks, but 
displayed improved contextual fear condition- 
ing, thus showing that two kinds of hippocam- 
pus-dependent learning abilities display differ- 
ential sensitivity to the same manipulation of 
early nutritional environment. 26 . 

Collectively, these findings indicated that 
exposing rats to an excess of a-T during devel- 
opment can lead to long-term electrophysiolog- 
ical and neurobehavioral consequences in 
adulthood, i.e., when tocopherol intake and a- 
T brain accumulation, as well as PKC activity, 
have returned to normal levels. 8 The possibili- 
ty that adult offspring of tocopherol-supple- 
mented dams may carry brain structural 
changes that could help explaining functional 
and behavioral alterations in adulthood, 
remains unexplored. 

Here, using the very same rat model of 
maternal dietary a-T supplementation, 
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anatomical studies were carried out at the 
electron microscopy level in order to investi- 
gate, in adult offspring, possible changes in 
density and morphological features of asym- 
metric, thus excitatory and presumably gluta- 
matergic, 27 axo-spinous synapses within hip- 
pocampal CA1 stratum radiatum, i.e., the brain 
region where we have previously found a 
marked reduction of LTP induction 8 and the 
area involved in mediating hippocampus-relat- 
ed learning abilities. 2829 



Materials and Methods 

Animals 

Sprague-Dawley rats (Charles River, Calco, 
LC, Italy) were used in this study. Animal care 
and experimentations were performed in com- 
pliance with the Italian laws on animal experi- 
mentation and with the guidelines of the local 
Ethical Committee of the University of Urbino 
Carlo Bo. Virgin female rats (200-250 g) were 
housed individually with free access to food 
and water and maintained at a room tempera- 
ture of 21°C with 12-h light/dark cycle (light on 
at 6 a.m. and off at 6 p.m.). Dams were ran- 
domly divided into two groups: a control group 
(CTRL; n=4), fed a commercial standard diet, 
and a supplemented group (TREAT; n=4), fed a 
diet highly enriched in the natural RRR-a- 
tocopherol form (15 g/kg pellet; Laboratori 
Dottori Piccioni, Gessate, MI, Italy), as previ- 
ously described. 8 Briefly, a-T-enriched diet was 
administered constantly from 2 weeks before 
mating throughout pregnancy and lactation. 
After weaning, pups were separated from 
mothers and fed ad libitum standard diet. 
Supplementation protocol did not affect course 
of pregnancy, newborn survival rate, weight of 
pups, and litter size, and no obvious terato- 
genic effects were observed in TREAT new- 
born. No significant intergroup difference in 
ponderal growth as well as in the timing of 
major maturational steps was found, neither 
obvious abnormalities were observed in older 
pups. For the present experimental purposes, 
CTRL and TREAT offspring (6 rats for each 
group, from 3 different litters) were sacrified 
at adult age (postnatal day 60, P60). 

Tissue preparation 

Rats were deeply anesthetized with sodium 
pentothal (45 mg/kg) and perfused through the 
ascending aorta with physiological saline fol- 
lowed by phosphate buffer (PB, 0.1 M; pH 7.4) 
containing 3% paraformaldehyde and 2% glu- 
taraldehyde. Brains were removed and post- 
fixed in the same fixative for 12 h, then hip- 
pocampi were excised and cut with a 
vibratome into 30-um thick, parasagittal sec- 
tions. Tissue preparation for electron 



microscopy inspection was done as previously 
described. 30 ' 31 Briefly, hippocampal sections 
were postfixed in 2.5% glutaraldehyde in PB, 
and then for 1 h in Os0 4 1%. After dehydration 
in graded series of ethanol, sections were 
cleared in propylene oxide, flat-embedded in 
Epon-Spurr between acetate sheets (Aclar; Ted 
Pella, Redding, CA, USA), and polymerized at 
60°C for 72 h. Embedded sections were exam- 
ined under a dissecting microscope, and hip- 
pocampal areas containing CA1 subfield were 
excised with a razor blade and mounted on 
cured resin pyramidal blocks utilizing a cyano- 
acrylic glue. From each sample, one semithin 
(1 pm) section was cut with a Reichert ultra- 
microtome and mounted on glass slides for 
light microscopic inspection. Ultrathin (70-100 
nm-thick) sections were cut either from the 
surface or from the edge (i.e., perpendicular to 
plane section), counterstained with uranyl 
acetate and lead citrate, and examined with a 
Philips CM 10 electron microscope. 

Ultrastructural studies 

All data were collected from the hippocampal 
CA1 stratum radiatum. Identification of neu- 
ropilar profiles (presynaptic axon terminals, 
dendritic spines, astrocytic processes) was 
based on established morphological and mor- 
phometrical criteria. 32 Counts of synaptic neu- 
ronal profiles and astrocytic processes were 
performed in single plane ultrathin sections. 
In each rat from the two experimental groups 
(n=6 for each group), 70 squared areas (100 
pm 2 ) from different mesh nickel grids were 
scanned at the electron microscope, and all 
asymmetric, axo-spinous synaptic profiles 
were sampled for quantitative morphometric 
analyses. Neuronal and astrocytic profiles 
were measured in a semiautomatic mode, 
using the ImageJ software for image analysis. 
All the counts and morphometric analyses have 
been performed by two distinct observers (SS 
and AP). 

Data analysis and statistics 

In each scanned area from CA1 stratum 
radiatum of both CTRL and TREAT rats, the 
density of axo-spinous synapses was calculat- 
ed as number of synapses per pm 2 . In all 
synapses, we measured: i) the perimeter (in 
nm) of presynaptic axon terminal and dendrit- 



ic spine profiles; ii) the number and length (in 
nm) of postsynaptic specializations; iii) the 
extension (in nm) of bouton-spine contact. All 
glial profiles that were in direct apposition to 
pre- and/or postsynaptic profiles (perisynaptic 
glial processes) were also counted. 
Perisynaptic glial processes were classified in 
two distinct sets: i) processes that contacted 
axon terminals or dendritic spines, but were 
located at some distance from bouton-spine 
interface (extrasynaptic glia), and ii) process- 
es contacting the axo-spinous synaptic junc- 
tion (intrasynaptic glia), thus directly facing 
the cleft, i.e., the very site of neurotransmitter 
release. The length (in nm) of membrane 
apposition between glial processes and pre- 
/postsynaptic profiles was measured, and the 
ratio between this glia-covered length and the 
total perimeter of axon terminal and spine con- 
tours (after subtracting the length of bouton- 
spine contact) was calculated. Finally, the per- 
centage of synapses contacted by intrasynaptic 
glia over the total synapses was calculated. 
Visual details on the methodological approach 
used for morphometric analyses are given in 
Figure 1. 

For all morphometric indices considered, 
average values were calculated in each single 
scanned area and filed for further statistical 
analyses. All data are presented as mean ± 
standard deviation of the mean (SEM). 
Student's f-test was applied for statistical 
analyses to compare results obtained in CTRL 
vs TREAT rats; P=0.05 was considered as sig- 
nificance threshold. 



Results 

In adult rats born to dams supplemented 
with supranutritional doses of a-T, the density 
of axo-spinous, asymmetric synapses in hip- 
pocampal CA1 stratum radiatum was signifi- 
cantly higher as compared to that found in age- 
matched, control animals (0.70 ± 0.04/pm 2 and 
0.49 ± 0.03/pm 2 in treated and control rats, 
respectively; P=0.02; Figure 2). Instead, quan- 
titative analyses of basic morphometric fea- 
tures of synapses failed to reveal major 
between-groups differences: as reported in 
Table 1, the perimeter of axon terminals, the 



Table 1. Basic morphometric features of axo-spinous CA1 synapses. 





CTRL 


TREAT 1 


Perimeter of axon terminals (nm) 


1691.0±57.4 


1640.4± 51.0 


Length of synaptic specializations (nm) 


235.8±5.5 


239.3±2.2 


Number of synaptic specialization per terminal 


1.10±0.03 


1.08±0.01 


Bouton-spine membrane interface extension (nm) 


353.3±19.8 


342.7±7.7 



CTRL, age-matched control animals; TREAT, tocopherol-supplemented mothers. Data are presented as mean values ± SEM; 
Student's (-test; all P>0.05. 
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length of postsynaptic specializations and 
their number per synapse, as well as the linear 
extension of bouton-spine interfaces were 
similar in the two groups (Table 1). 

Interesting changes were observed in the 
morphological organization of neuron-glia 
relationships at hippocampal synapses. As an 
index reflecting the extension of glial coverage 
of synapses, we calculated, both for axon ter- 
minals and dendritic spines, the ratio between 
the contour length that was in direct apposi- 
tion with distal astrocytic processes and the 
total perimeter (excluding the length of bou- 
ton-spine apposition). Between-groups differ- 
ences were found for axon terminals, with 
adult offspring from tocopherol-supplemented 
dams showing significantly higher ratio 
(0.25±0.008 os 0.19±0.013 in treated and con- 
trol rats, respectively; P=0.02; Figure 3A), thus 
indicating a more extended glial coverage of 
presynaptic boutons at axo-spinous CA1 
synapses. In contrast, ratio between glia-sur- 
rounded and total perimeter length was 
unchanged when calculated for postsynaptic 
spine profiles (0.15±0.013 vs 0.15±0.011 in 
treated and control groups, respectively; 
P=0.98; Figure 3B). 

In addition, possible changes in the propor- 
tion of tripartite synapses in CA1 stratum radia- 
tum were assessed by calculating the percent- 
age of synapses contacted by astrocytic endfeet 
at their bouton-spine junction (thus consider- 
ing only intrasynaptic glia, directly facing the 
site of presynaptic release) over the total 
synapses. This percentage was significantly 
higher in treated animals respect to controls 
(36±0.02 os 25+0.02; P=0.03; Figure 3C), thus 
pointing to a surplus of hippocampal tripartite 
synapses in adult offspring of a-T-supplement- 
ed mothers. 



Discussion 

As a main outcome of present ultrastructur- 
al study, we show that the hippocampus of 
adult rats born to dams fed with supranutri- 
tional doses of ci-T, as compared to age- 
matched controls, displays: i) higher density of 
asymmetric (thus excitatory) axo-spinous 
synapses; ii) larger astrocytic coverage of 
presynaptic terminals; iii) higher number of 
axo-spinous synapses contacted by astrocytic 
endfeet at bouton-spine interface, i.e., tripar- 
tite synapses. These anatomical findings 
extend our previous data obtained in the very 
same experimental model, showing that 
maternal dietary loads of a-Tocopherol pro- 
mote permanent deficits in hippocampal 
synaptic plasticity and spatial learning in adult 
offspring. 826 

In maternally-supplemented rats, modifica- 




Figure 1. Morphometric analyses of axo-spinous synapses and glia-synapse relationships. 
Examples of micrographs from CA1 stratum radiatum used for morphometrical analyses, 
showing axo-spinous synapses surrounded by distal astrocytic processes (A and C). 
Schematic drawings reproducing the corresponding micrographs are depicted in B and 
D. A and B, an axon terminal (axtl) contacted extra-synaptically (i.e. far away from the 
cleft) by an astrocytic process (aspl), and two dendritic spines (spl and sp3) contacted 
by extra-synaptic glial processes (asp2 and asp3) are shown; asp2, extra-synaptic on spl, 
is also in direct apposition with axt2/sp2 bouton-spine interface, thus being intra-synap- 
tic on this synapse. In C and D, a synapse is contacted at its bouton-spine interface by an 
astrocytic process (intra-synaptic) covering both pre- and post-synaptic profiles. The 
membrane apposition between neuronal synaptic profiles and glial processes is marked 
with dotted lines; bouton-spine interfaces (bold black line) and postsynaptic specializa- 
tions (double bold gray line) are also marked. As an example of morphometric analyses 
carried out in the study, measures calculated for axtl/spl synapse (in B) are as follows: 
axtl perimeter, 2396 nm; portion of axtl profile covered by aspl, 238 nm (glia- 
covered/total profile ratio: 0.1); spl perimeter, 1310 nm; portion of spl profile covered 
by asp2, 332 nm (glia-covered/total profile ratio: 0.25); length of post-synaptic special- 
izations in spl, 585 nm and 67 nm; length of axtl/spl bouton-spine apposition, 800 nm. 
sp, dendritic spine; axt, axon terminal; asp, astrocytic process. Scale bars: A,C) 250 nm. 




CTRL TREAT 



Figure 2. The density of hippocampal synapse is increased in adult offspring from toco- 
pherol-supplemented mothers. Histogram showing the results of quantitative analysis of 
the density of axo-spinous synapses in CA1 stratum radiatum of adult rats born to moth- 
ers fed supranutritional doses of a-T (TREAT) and age-matched controls (CTRL). 
Density is calculated as number of synapses per urn 2 . Data are presented as mean values 
± SEM. Synapse density is significantly higher in adult rats exposed to a-T during devel- 
opment. Student's Mest; * P<0.05. 
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tions of redox state in embryonic and postnatal 
brain induced by a-tocopherol acting as 
antioxidant might occur, thereby possibly play- 
ing a role in promoting the observed ultra- 
structural, long-lasting effects in adult hip- 
pocampus. Endogenous reactive oxygen 
species (ROS) have been reported to affect 
proliferation of neural stem/progenitor cells 
derived from hippocampus of embryonic mice, 
with antioxidant compounds attenuating the 
proliferative activity of cultured cells; 33 more- 
over, ROS and antioxidant treatment have 
been shown to influence morphological and 
physiological differentiation of cortical cul- 
tured neurons from embryonic rats; 34 in addi- 
tion, postnatal treatment (from P2 to P25) with 
antioxidant compounds, such as NADPH oxi- 
dase inhibitors, has been recently shown in 
rats to decrease the levels of endogenously pro- 
duced ROS at all developmental ages, in asso- 
ciation to macroscopic changes in cerebellar 
anatomy (i.e., changes in foliation) and alter- 
ations in motor behavior at juvenile ages. 35 In 
our previous work, 8 we failed to detect major 
effects of maternally-delivered tocopherol on 
morphological maturation in developing hip- 
pocampus. In fact, no gross anatomical alter- 
ations in hippocampal structure and layering 
were observed at any ages; in addition, we 
found no changes in morphological differenti- 
ation of hippocampal pyramidal neurons, 
whose dendritic extension and complexity at 
P14 was similar to that measured in untreated, 
age-matched control rats 8 . Collectively, these 
findings make unlikely that early developmen- 
tal changes in redox status could be seen as a 
major mediating factor in provoking the ultra- 
structural effects observed in the hippocampus 
of adult rats maternally-exposed to high doses 
of a-tocopherol. 

During brain ontogenesis, overproduction of 
synapses and their subsequent elimination 
through activity-dependent processes are criti- 
cal for correct refinement and normal func- 
tioning of neural circuits. 3637 Moreover, 
dynamic processes of assembly and disassem- 
bly of synapses persist into adulthood; 38,39 in 
rodent hippocampus, including CA1, synapse 
density has been shown to increase into adult 
age, 40 ' 41 nearly doubling between postnatal day 
15 and 48, 42 thus pointing to a highly protract- 
ed period of synapse formation and refine- 
ment. The increase of axo-spinous synapses 
observed in CA1 stratum radiatum of adult rats 
maternally exposed to excess of a-T may 
reflect an aberrant gauging of synapse produc- 
tion/elimination balance during hippocampal 
maturation. We have previously shown that 
maternal supranutritional intake of a-T does 
not affect developmental expression of impor- 
tant pre- and postsynaptic markers: at P14, in 
fact, the hippocampal expression level, topo- 
graphical distribution and cellular localization 
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Figure 3. Morphological organization of neuron-glia relationships at hippocampal 
synapses are affected by maternal loads of a-T. Histograms in A and B report the average 
ratio between the linear portion of axon terminal (A) or dendritic spine (B) profile cov- 
ered by glia and their total perimeter length (excluding bouton-spine apposition length). 
For axon terminals (A), this ratio is significantly higher in adult offspring from toco- 
pherol-supplemented dams (TREAT) respect to controls (CTRL), indicating a more 
extended glial coverage of presynaptic boutons. In contrast, no differences were found for 
dendritic spines (B). Histogram in C shows the percentage of axo-spinous synapses con- 
tacted by astrocytic endfeet at bouton-spine interface over the total synapses. This per- 
centage is significandy higher in (X-T-treated animals (TREAT) respect to controls 
(CTRL), pointing to a relative surplus of tripartite synapses in CA1 of adult offspring of 
a-T-supplemented mothers. Data are presented as mean values ± SEM. Student's £-test; * 
P<0.05. 
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of synatophysin and spinophilin were virtually 
normal. 8 Given that synaptogenesis largely out- 
paces synapse elimination at early postnatal 
ages, 43 a major increment of synapse produc- 
tion rate is unlikely to occur in our model. 
More plausibly, the increase of synapse densi- 
ty observed in adult offspring from a-T-supple- 
mented mothers could be due to reduced 
synaptic pruning. Maternal loads of tocopherol 
deeply influence postnatal pattern of hip- 
pocampal PKC activity in offspring, depressing 
PKC phosphorylation and reducing the expres- 
sion of PKC-dependent, developmental-related 
proteins. 8 A crucial role for PKC activity in reg- 
ulating synapse pruning was proposed in stud- 
ies showing that adult PKC mutant mice dis- 
play defective elimination of surplus climbing 
fibers onto cerebellar Purkinje cells, accompa- 
nied by motor coordination impairment. 1944 
Down-regulation of hippocampal PKC phos- 
phorylation levels in tocopherol-treated ani- 
mals persists into late phases of postnatal mat- 
uration, at least up to weaning, 8 thus possibly 
affecting synapse elimination processes occur- 
ring at juvenile age. Alterations in the estab- 
lishment, maintenance, or pruning of synaps- 
es have been postulated to occur in several 
neurodevelopmental disorders, including 
autism, epilepsy, learning disabilities, schizo- 
phrenia; 45 in this context, present findings 
supporting the view that manipulations of 
early nutritional environment - as an exces- 
sive a-T maternal intake and delivery to off- 
spring - can lead to long-lasting changes in 
synapse density and neural circuits refine- 
ment, gain particular relevance. 

Maternal dietary loads of a-T differentially 
influence distinct kinds of hippocampus- 
dependent learning in adult offspring, since 
spatial learning in Morris Water Maze is 
impaired, whereas contextual fear condition- 
ing is improved. 26 These two learning types are 
supported by different extra-hippocampal 
regions and neural pathways: in particular, 
contextual fear conditioning requires the 
integrity of the amygdala, whose substantial 
projections to various levels of hippocampal 
formation, including CA1, have been docu- 
mented in rats. 46 Although the origin of surplus 
synapses in CA1 stratum radiatum was not 
determined, an outgrowth of fibers coming 
from amygdala could potentiate the amyg- 
daloid input to the hippocampus, thus selec- 
tively favoring the improvement of fear condi- 
tioning behavior. Such a selective circuit 
remodeling upon early life nutritional insult 
may be possibly framed into the general con- 
cept of the region-specific morphological and 
functional adaptative plasticity shown by 
amygdaloid neurons in response to a variety of 
environmental and behavioral manipula- 
tions. 47 ' 48 

Present results also show that basic mor- 



phometric features of axo-spinous synapse are 
not affected by maternal supplementation with 
supranutritional doses of a-T. The perimeter 
of pre-synaptic axon terminals, the length of 
postsynaptic specializations and their number 
per synapse, as well as the extension of bou- 
ton-spine contacts were virtually unchanged 
respect to controls. These findings indicate 
that hippocampal synapses in adult offspring 
of tocopherol-supplemented dams, although 
increased in number, retain normal morpho- 
logical and geometrical characteristics, thus 
suggesting that long-term effects on synapse 
formation/elimination balance are not associ- 
ated with major alterations of synapse matura- 
tional processes. Yet some caution is needed, 
since structural dimensions and morphometric 
characteristics of dendritic spines, due to their 
highly variable shapes, 49 could not be system- 
atically quantified by single ultrathin sections 
approach used in our study. Interestingly, 
major changes were found in glia-synapse 
anatomical relationships. In adult rats mater- 
nally exposed to excessive a-T intake, the lin- 
ear portion of axon terminal profiles that was 
surrounded by astrocytic processes was more 
extended as compared to control animals, thus 
pointing to a heavier glial coverage of presy- 
naptic boutons; in addition, the percentage of 
synapses that were contacted by astrocytic 
endfeet at the bouton-spine junction, i.e., the 
very site of presynaptic neurotransmitter 
release, was remarkably higher, thus suggest- 
ing a surplus of axo-spinous tripartite synaps- 
es}" Present anatomical observations indicate 
that early exposure to supranutritional toco- 
pherol intake can result in permanent alter- 
ations of neuron-glia morphological organiza- 
tion at synapses. The concomitant occurrence 
of synapse outnumber and increased glial 
ensheathing of synapses is particularly rele- 
vant at the light of evidence showing that 
astrocytes can actively participate in the for- 
mation and maintenance of synapses, as well 
as in controlling synapse turnover required for 
neural development and plasticity. 51 54 Adding 
astroglia into neuronal cultures from rat hip- 
pocampus was reported to increase the densi- 
ty of synapses and promote gamma-amino- 
butyric-acid (GABA) and glutamate receptor 
clustering, thus facilitating spontaneous net- 
work activity; 55 moreover, studies in organotyp- 
ic hippocampal cultures have shown that astro- 
cytic contacts play an important role in regulat- 
ing development of individual synapses, 
increasing the lifetime of dendritic protru- 
sions and influencing the stability of synaptic 
connections. 56 

Perisynaptic glia has been recently proposed 
as integral synaptic element. 5057 In fact, perisy- 
naptic astrocytes respond to neurotransmitters 
released during neuronal activity 5859 and 
release neuroactive substances that can influ- 



ence neuronal excitability and synaptic trans- 
mission; 60 62 moreover, glia-mediated gluta- 
mate uptake via GLAST/GLT-1 transporters reg- 
ulates glutamate clearance in the cleft and glu- 
tamate spillover. 6364 Several mechanisms 
underlying astrocytic effects on synaptic plas- 
ticity have been described in diverse brain 
regions including hippocampus, having either 
facilitating or inhibiting, context-dependent 
roles: glia-derived transmitters, such as 
ATP/adenosine or D-serine, can modulate glu- 
tamate receptor activity and trafficking, 65 68 
while glial transport influences temporal and 
spatial patterns of NMDA receptor activation 
by controlling glutamate concentration at 
synapse. 69 70 At the light of this evidence, alter- 
ations in perisynaptic glial coverage and tri- 
partite synapse function are likely to influence 
synaptic plasticity and behavioral learning per- 
formance. It is thus tempting to speculate that 
the increased astrocytic coverage of CA1 stra- 
tum radiatum synapses could contribute to the 
impairment of LTP induction and alterations in 
hippocampus-dependent learning abilities pre- 
viously reported in the same model of adult 
rats born to a-T-supplemented mothers. 826 
Recent findings seem in contrast with this 
view: in transgenic mice expressing an inosi- 
tol-triphosphate absorbent that attenuates 
astrocytic calcium signaling, behavioral 
deficits in hippocampus-dependent spatial and 
contextual fear memory were associated with a 
reduction, instead of an increase, of glial cov- 
erage at CA1 asymmetric synapses. 71 However, 
given the fundamental role played by intracel- 
lular calcium transients in glial physiology and 
excitability, 72 73 blunting calcium signaling is 
supposed to affect most, if not all, aspects of 
activity-related astrocytic functions, thus 
deeply and globally disrupting neuron-glia 
communication processes. In our model, the 
increased glial ensheathing of synapses might 
potentially affect LTP induction mainly by 
enhancing glutamate uptake capacity. Recent 
evidence gives support to this view. 
Ceftriaxone-mediated enhancement of GLT-1 
gene transcription changes GLT-1 expression 
and distribution, and impairs activity-depend- 
ent synaptic plasticity at mossy fibre-CA3 hip- 
pocampal synapses. 74 Moreover, knockout mice 
lacking Ephrin-A3, a molecule involved in neu- 
ron-glia communication processes regulating 
synapse morphology and function in the hip- 
pocampus, 75 display impaired LTP induction 
and deficits in hippocampus-dependent tasks, 
mainly ascribed to post-translational up-regu- 
lation of glutamate transporters in astrocytes 
and more efficient glutamate removal from the 
cleft. 70 ' 76 

In conclusion, adult offspring born to dams 
that were fed with supranutritional doses of a- 
T over pregnancy and lactation display perma- 
nent hippocampal changes in axo-spinous 
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synapse density and in neuron-glia morpholog- 
ical relationships at synapses, together with 
deficits in LTP induction and spatial memory. 
These findings confirm and extend previous 
evidence supporting the general concept that 
early life environmental stress, including 
those deriving from nutritional insults, can 
lead to long-lasting effects in adult brain. It is 
worth noting that the increase in vitamin E 
doses used for pregnant women in most sup- 
plementation trials, ranges 40-100 times the 
standard recommendation, 15 18 77 which is com- 
parable to the increase applied to the nutri- 
tional intervention of this study. Therefore, 
present results emphasize the need to careful- 
ly evaluate the safety of developmental expo- 
sure to high doses of a-T in animal species 
and particularly in humans. 
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